Arvicoline rodents serve as model organisms for investigating the intricacies of ecological/evolutionary feedbacks that characterize multiannual fluctuations in abundance. A population of California voles (Microtus californicus) in central California was followed for 3.5 years using 4 small grids located 50 m apart. Blood samples were scored for 4 polymorphic allozyme loci by starch gel electrophoresis. These were carefully chosen for their potential to reveal details of genetic structuring among demes. A low density of voles developed into a peak followed by a rapid decline to low density. Heterozygosity averaged 20.2% (n = 709) with loci-specific shifts associated with density, season, and cyclic phase. Statistically significant heterogeneity in genotypic and allelic frequencies among the grids was found for 3 of the loci. Pairwise comparisons among the grids for each locus separately (n = 24) yielded 11 significantly disparate pairs for genotypic frequencies and 10 for alleles. Significant correlations with cyclic phase were found at 1 locus (leucine aminopeptidase). Spatial differentiation among grid pairs (F ST ) ranged up to a 12-fold difference. F ST values stratified by cyclic phase showed the highest levels in the pre-high phase and the lowest in the postpeak. A "founder/flush" model with sequential phases of semi-isolated low-density demes followed by panmixia at high densities, and then a density crash is supported. This pattern is postulated to facilitate adaptive evolution.
Multiannual cycles of abundance continue to provide model systems for analysis of demographic and microevolutionary processes. Understanding these complex patterns of population fluctuations promises to enlighten processes at the community level and, in particular, to contribute to emerging emphases on ecological/evolutionary feedbacks (Schoener 2011; Norén and Angebjörn 2014) . One example is the ongoing discussion of the potential role of founding effects on evolutionary change (Kolbe et al. 2012) . Confounding these goals is the disturbing trend toward the gradual and mysterious disappearance of these rodent cycles of abundance over large geographical expanses (Ims et al. 2008; Cornulier et al. 2013) . It is urgent, therefore, that we understand the causes and consequences of this interesting demographic pattern before it has disappeared. Voles (Arvicolinae) are ideal models for this approach in that they occur widely across Holarctic grasslands and tundra and combine the complexities of vertebrate adaptations and behavior with temporal and spatial scales that are tractable for detailed investigation. In the research reported here, a California vole (Microtus californicus) population inhabiting a grassland habitat in central coastal California was followed for 41 months. This interval covered periods of low initial density, rapid population growth to an unusually high density, and subsequent rapid decline to low numbers. Four small demes were livetrapped regularly. From March 1979 to March 1981, blood samples were taken for electrophoretic analysis of 4 unlinked loci for which the allelic structure and genetics are known.
Although the electrophoretic analysis of allozymes has had a long history of productive usefulness in numerous studies of population genetics relevant to ecology, behavior, phylogeny, and conservation, it has not been used much in recent years. However, it remains a valuable source for inferences regarding genetic processes at the demic level such as employed here (Parker et al. 1998) . Since its beginnings (Hunter and Markert 1957; Harris 1966; Hubby and Lewontin 1966) , at least 10 species of arvicoline rodents have been studied with this technique. Most of these exhibit multiannual cycles in abundance. Much has, therefore, been learned about genetic structuring of demes along with seasonal, density, physiological, dispersal, and cyclic phase correlations with allelic frequencies and heterozygosity levels in these rodent species (Semeonoff and Robertson 1968; LeDuc and Krebs 1975; Anderson et al. 1976; Kohn and Tamarin 1978; Gulyaeva and Olenev 1980; Nygren and Rasmuson 1980; Dobrowolska 1981; McGovern and Tracy 1981; Bowen 1982; Bowen and Koford 1987; Gaines and Johnson 1987; Templeton 1987; Leijs et al. 1999; Ratkiewicz and Borkowska 2006; Borkowska et al. 2010 ). Honeycutt and Yates (1994) have published a review of starch gel electrophoresis with a focus on mammals. Two early reviews of the spectacular advances and future potential made possible through allozyme data analyses are Johnson (1973) and Sealander and Johnson (1973) .
Investigations of arvicoline rodent population dynamics and microgenetic structure continue to address important issues relating to density regulation, local extinction dynamics, roles of stochasticity, and founder effects in microevolutionary processes, mechanics of group selection, quantification of dispersal relative to population dynamics and microhabitat patch qualities, functional connections between evolutionary and ecological dynamics, among others. Future comparisons may enlighten responses of these rodent communities to climate change. The study reported here follows earlier research using the same study area and comparable techniques (Bowen 1982; Bowen and Koford 1987) . Both studies are in the context of a 27-year record of density fluctuations in this population. During this period, the population experienced 6 peaks in abundance for an average interpeak interval of 4.5 years. However, there was a 2-year hiatus in the data during which a 7th peak might have occurred. Compared to the earlier study, the current research was twice as long, used a sample of genotyped individuals that was 84% larger, experienced peak vole numbers that were 160% higher, and included detailed vegetation sampling.
Several conclusions from the Bowen and Koford (1987) research are relevant here and warrant testing in the form of 3 hypotheses. These are: 1) interdemic genetic differentiation as measured by F ST is lowest at peak densities and highest at low numbers; 2) observed temporal changes in genetic structure on the scale of just 2 ha imply that Wright's shifting balance model of evolution (Wright 1982) could be operating in circumstances such as documented here; and 3) multiple measures of genetic structure will often be required for adequately describing demic organization. In addition, this research attempts to: 1) quantify the relative importance of season, density, and cyclic phase as they may affect demic differentiation; 2) compare the consistency in patterns of microgeographic variation among 4 polymorphic loci over 2 density cycles; 3) test whether the 2 common alleles at the leucine aminopeptidase (LAP) locus, described in a different population (Lidicker 1996) , do indeed represent a balanced polymorphism with frequencies varying with density; 4) consider the evolutionary implications of a cyclic demic structure on a scale of a few hectares; and 5) consider possible impacts of local demic structure on demographic and microevolutionary processes.
Materials and Methods
Study area.-The data reported here were obtained from a population of California voles at the Russell Reservation, Contra Costa County, California. This property is owned by the University of California and is about 20 km east of San Francisco Bay in the coast range (elevation about 250 m). Four small livetrapping grids were established in an approximately 2-ha part of a larger meadow (about 8 ha). This region has a Mediterranean climate with most rainfall occurring between October and April. Of a total of 43 species of vascular plants recorded from the study area, only 13 species were natives. Among the grasses, introduced annuals dominate in most areas.
Grids were 20 × 20 m and had a 5 × 5 array of livetrap locations (5 m apart). In total, the 4 grids covered about 0.25 ha and were about 50 m apart in a linear array. Each grid sampled a somewhat different microhabitat. Grid 1 was dominated by the perennial grass Leymus triticoides, while Grid 2 was a more equable mixture of Leymus, annual grasses and forbs, and was the most mesic of the grids. Grid 3 was dominated by the introduced forbs Conium maculatum and Raphanus sativus with grasses mainly occurring around the periphery; Grid 4 lacked perennials and was composed mainly of annual grasses with an admixture of annual forbs and had the lowest vegetative stature among the 4 grids (Cockburn and Lidicker 1983; Ostfeld et al. 1985; Lidicker 1989 Lidicker , 2007 . Grids 1 and 2 were most favorable for voles as compared to grids 3 and 4 based on average vole densities, reproductive output, numbers of resident females, and length of residency (persistence).
Trapping regime.-From November 1977 through March 1981, traps were set at monthly intervals, with each trapping period being for 2 or 3 nights. A single Longworth livetrap was set at each trapping point on all 4 grids for a total of 100 traps. Traps were set in the late afternoon and checked the following morning. They were baited with dry oat flakes, although sometimes in the dry season a small slice of apple was added. Traps contained cotton nesting material and were covered with plywood roofs for shade and additional insulation. After each trapping session, traps were removed and washed. At the 1st capture, all voles were individually marked by toe-clipping (maximum of 2 toes removed) and released. Body weight, reproductive condition, and point of capture were recorded each time a vole was caught. From March 1979 to the end of March 1981 (24 months), a blood sample for allozyme determination was collected from each vole from the suborbital sinus using a heparinized pipette. Samples were kept on ice until they could be placed in a −78°C freezer.
During the 5-year period of this research (1977) (1978) (1979) (1980) (1981) , the trapping of voles was done under a series of annual permits from the California Department of Fish and Game (permit numbers 946, 396, 369, 154, 770) . Methods were consistent with American Society of Mammalogists guidelines published in 1987 (ASM 1987) .
Laboratory procedures.-Blood samples were processed for starch-gel electrophoretic analysis according to Sealander et al. (1971) . Four polymorphic loci were assayed: LAP, phosphogluconate dehydrogenase (PGD), glucose phosphate isomerase (GPI), and glutamate oxaloacetate transaminase-1 (GOT). Buffer types and stain references are given in Bowen and Yang (1978) . These 4 loci have been shown to be unlinked and inherited with Mendelian expectations (Bowen and Yang 1978) . They were carefully chosen from among 7 known polymorphic loci to be most likely to reveal genetic microstructure.
Statistical analyses.-Chi-square tests (with Yates' continuity corrections) were used to analyze sex ratios, HardyWeinberg equilibria, and genotypic and allelic frequencies. The Revolution Analytics (R) statistical software (R core team 2012) was utilized for this purpose. Statistical significance was set at P < 0.05. F ST calculations were based on the formula: (Hedrick 2000) , where X 2 represents the chi-square value calculated for the relevant comparison and n is the number of individuals involved.
results
Density changes.-Abundance of voles was estimated using the minimum number known to be alive method of Krebs (1966) . The overall pattern of changes is shown in Fig. 1 . Numbers remained low from autumn of 1977 until autumn of 1979. Then the population grew steadily, reaching a peak in June 1980 followed by a steep decline through the end of the study in March 1981. Peak numbers are estimated to have approached 1,000/ha (Cockburn and Lidicker 1983; Lidicker 2007) . Density changes on each grid were roughly the same in timing and magnitude, but some important differences were: 1) during the early part of 1978, significant numbers of voles were present only on grids 2 and 4; 2) by late in 1978, voles began to increase on grids 1 and 3, but not on 2 and 4; 3) sustained growth to peak numbers began earlier and reached higher numbers on grids 1 and 2; 4) grids 3 and 4 (the ones less favorable for voles) experienced a short-lived decline in numbers in February to March 1980 (Fig. 1) .
For demographic behavior of this population during the preceding peak (July 1975 to May 1977 , see Bowen (1982) , Cockburn and Lidicker (1983) , and Bowen and Koford (1987) .
Temporal phases.-Fundamental to any understanding of the genetic structure of this vole population is to ask how its properties change over time. Therefore, temporal phases were devised for 3 potentially important variables, namely, season, density, and cyclic phase. In establishing the boundaries of temporal phases, I tried to make them as meaningful as possible to the voles. The seasons were divided into three 4-month intervals: 1) February through May-time of maximum potential growth of vole populations in this region of Mediterranean climate; 2) June through September-the dry season when vole reproduction is generally absent or minimal and mortality rates are high; and 3) October through January-beginning of the rainy season with little to moderate vole reproduction. Three levels of density were also established: 1) less than 20 individuals known to be present on the 4 grids combined preceding rapid population growth (March through October, 1979); 2) numbers exceeding 20 on the 4 grids (November 1979 through September 1980); 3) less than 20 voles present following the peak density (October 1980 through March 1981 . For some analyses, the 2 low-density phases (1 and 3) were combined. Three phases in the multiannual cycle were: 1) pre-high (March through October 1979; 2) growth to peak (November 1979 through June 1980); 3) postpeak decline in numbers (July 1980 through March 1981 .
Two strategies were followed for assigning individual voles to these temporal categories. In the single-entry strategy, each vole was assigned only to the phase in which it was first captured. This gave sample sizes of 704-709 individuals for which genetic data were available. For the multiple-entry strategy, voles were assigned once to each phase in which they were known to be present in the study area. This generated sample sizes of 787-890 among the 9 temporal phases. These 2 strategies also provided a test of whether these 2 approaches would give different results. Multiple entry in effect gives more weight to those voles that survived for a relatively long time on the study grids. Generally, the multiple entry data set gave slightly lower P values, but there were no cases in which the statistical significance changed relative to the P = 0.05 cutoff.
Sex ratios.-The sex ratio of the entire sample of 709 individuals used in this report is 341 males and 368 females, which is not statistically different from an even ratio (X 2 = 0.441; P = 0.507). Likewise, the sex ratios of all the individuals at each of the 4 electrophoretic loci utilized were not significantly different from an unbiased sex ratio. Also, the sex ratios for each grid separately did not differ significantly from equality. The percent males varied from 44.9 on grid 4 to 52.9 on grid 3. When the sample size was increased to 751 by including individuals back to December 1977 (Ostfeld et al. 1985 :436, table 1), the overall sex ratio remained not statistically different from even (P = 0.258). However, the grid with the lowest percentage of males was now grid 2 at 45.6%, while grid 3 remained the highest at 50.1%. Given these results, the sex of individuals was ignored in all of the subsequent genetic analyses.
Hardy-Weinberg equilibrium.-Genotypic data were tested against Hardy-Weinberg expectations by chi-square test. First, the entire data set was tested for each of the 4 loci, all grids combined. None showed any statistically significant deviations from the null hypothesis (P values ranged from 0.15 for GPI to 0.69 for PGD). Then the 4 loci were tested on each grid separately. Again, no significant deviations were found for these 16 tests (P values ranged from 0.30 for PGD on grid 4 to 1.00 for GOT on grid 4). Grids arranged by increasing P values were 1, 4, 2, and 3.
Heterozygosities.-The overall heterozygosity among the individuals for which genetic data were available was 20.2% (571 heterozygote genotypes out of 2,824 total). The percentage of the rarer alleles was 13.6% (768 out of 5,650 alleles). Percentage heterozygotes for each locus, the percentage of rare alleles by locus, and heterozygotes for each locus across the 4 grids are given in Table 1 . LAP was the locus with the highest levels of heterozygosity (about 40%) while GOT had the lowest levels (about 13%). Table 2 compares the percent heterozygotes and the percent rare alleles among the 4 grids with all loci combined. The overall heterozygosity on the 2 more favorable grids for voles (numbers 1 and 2) did not differ from that on the less favorable grids (numbers 3 and 4): 20.5% versus 20.0%. Highest percentages of rare alleles were on grids 1 and 4.
To see if heterozygosities varied over time, levels were calculated for the 3 temporal categories: season, density, and cyclic phase. These calculations are based on all individuals present in those time intervals even if they were present in other time periods. Mean heterozygosities for the 3 temporal divisions of the data arranged by the 4 loci are given in Table 3 . All loci seemed to change over time independently of each other. The only coincidence was that LAP and GPI both showed maximum heterozygosities during the postpeak low numbers (density phase 3). In contrast, LAP and PGD showed a reciprocal relation in that LAP's maximum in density phase 3 was matched with minimum frequencies during the autumn season of generally declining numbers, while PGD was the opposite. Among the 24 phase comparisons in the entire heterozygote data set (Table 3) , only 6 of these differences were greater than 5%. These involved 3 loci and all 3 temporal categories: density (LAP, 2 instances of GPI, PGD); season (GPI); cyclic phase (GPI). Density changes were associated with most of the large shifts in heterozygosity levels, while GPI was clearly the most volatile of the loci and Table 3 .-Temporal changes in percent heterozygosity for each of 4 loci arranged by seasonal, density, and cyclic phases. Individual voles (Microtus californicus) were counted for each temporal phase in which they were known to occur. n = number of genotypes in sample, i.e., about 4 times the number of voles. Mean 1: unweighted means for each locus; Mean 2: loci weighted by the sample sizes for each phase. Table 1 .--Genotypic frequencies for each locus stratified by grid. n = number of voles (Microtus californicus) in sample; % H = percent heterozygotes; % R = percentage of rarer alleles; LAP = leucine aminopeptidase; GOT = glutamate oxaloacetate transaminase-1; GPI = glucose phosphate isomerase; PGD = phosphogluconate dehydrogenase. The symbols "F", "M", and "S" label the various alleles found at the designated allozyme loci, and refer to the relative speed of their movements on the starch gels used in electrophoresis. GOT was the most stable. The largest shift occurred in PGD (11.5%). Focusing only on the 3 cyclic phases, we found that the maximum frequencies of heterozygotes occurred in phase 1 for GPI, in phase 2 for GOT and PGD, and in phase 3 for LAP.
In general, seasonal changes were relatively minor with only GPI showing a large seasonal shift from 11.1% heterozygotes in the stressful dry season (phase 2) to 18.0% during the autumn transition (phase 3) without any significant reproduction occurring. Possibly meaningful frequency shifts occurred with density changes in GPI, LAP, and PGD with all 3 showing large shifts from density phase 2 to 3 (high density to postpeak lows), but with the first 2 loci increasing in heterozygosity while the 3rd decreased dramatically. GPI also declined 9.5% from density phase 1 to 2. GPI was the only locus to change substantially with cyclic stage, and that was a 6.7% drop in the frequency of heterozygotes from phase 1 to 2, followed by a further 4.4% decline into phase 3 for an overall 49% reduction from prepeak to postpeak lows (Table 3) .
Genotypic and allelic frequencies.-All 4 loci examined in this study were polymorphic with at least 2 alleles segregating (Table 1) . Chi-square analyses for genotypic and corresponding allelic frequencies are given in Table 4 . Comparisons in which various grids were sequentially omitted from the calculations helped to identify the most deviant grid for each locus, and it is interesting that the most deviant grid was different for each of the loci. Statistically significant heterogeneity among the grids was found for all loci except GOT. LAP was the locus with the most heterogeneity although this was centered on grid 1, where there was a substantial excess of the F-allele (LAP 1.15), namely 47.6% as compared to 25.4% for the other 3 grids combined. While GOT does not exhibit statistically significant heterogeneity among the 4 grids, grid 2 is evidently the most devious with a P value of 0.14 for allelic frequencies.
For a more refined examination of genetic structure, genotypic frequencies on each grid were compared with those on every other grid for each locus. This gave 6 comparisons for each locus and a total of 24 chi-square tests. The 11 genotypic comparisons yielding significant P values (< 0.05) are given in Table 5 . Seven out of these involved grid 1, 6 involved grid 4, grid 2 had 5, and grid 3 only 4. The same comparisons were done with allelic frequencies, and these results are also shown in Table 5 . The only difference is that the comparison of grid 2 to grid 4 for the PGD locus dropped out of significance, leaving 10 statistically significant allelic 2-way grid comparisons.
Seasonal heterogeneity can be summarized by a complete lack of any heterogeneity that is statistically significant. This applies to all 4 loci, both genotypic and allelic frequencies, and for single and multiple entry data. Because of an earlier suggestion that in a different population, the LAP fast allele might be favored by wet winter conditions (Lidicker 1996) , I also tested phases 1 and 3 (relatively wet) against phase 2 (dry) and found they did not differ (P = 0.476).
In the case of the density analysis, the 2 low-density phases were tested against each other in addition to testing for heterogeneity among all 3 phases (1 and 3). For all 4 loci, the 2 low phases were not statistically different. However, when the combined low-density genotypic frequencies at the LAP locus were tested against the high density (phase 2), this was almost statistically significant (P = 0.057). This result reflects the frequency of the rare allele homozygote in the low-density populations being less than half that of the high-density phase (5.0% versus 13.3%). The largest variation with density occurred with the GPI locus in which the percentage of the rare allele (F) was almost double at low densities compared to high (12.4% versus 6.4%) for both single (P = 0.0010) and multiple entry data (P = 0.0037).
Testing genotypic and allelic frequencies for each locus (all grids combined) against the 3 cyclic phases revealed no statistically significant heterogeneities for genotypic or allelic frequencies. This was true for both the single entry and multiple entry data sets. Of the 16 P values in the survey, the lowest one was 0.131. When 2-way comparisons among the grids were stratified into the 3 cyclic phase groupings, sample sizes were reduced to the point where some data cells contained less than 5 individuals. Nevertheless, some general conclusions can be drawn from this analysis. For all loci, the results were the same for both the genotypic and allelic frequencies. In phase 1, only the 1/3 grid couplet remained significant at the LAP locus, although pair 1/2 for GPI remained almost significant. Phase 2 contained most of the individuals, and the pattern of 2-way grid comparisons revealed the same significant pairings as for genotypic and allelic frequencies in the whole sample as shown in Table 5 . In phase 3, none of the 24 grid comparisons showed significant differences.
Spatial differentiation.-The statistic F ST was used as an index of spatial differentiation. Both single entry and multiple entry data sets were tested. F ST values were calculated as chisquare, determined from allelic frequencies, divided by 2n, where n is the number of individuals in the sample (Hedrick . This formulation seems appropriate because the distances among the 4 grids are trivial compared to the known potential dispersal capabilities of these voles (Lidicker and Patton 1987) . When F ST values were calculated for each locus, all individuals combined, a wide range of spatial differentiation was revealed (Table 6) . LAP was by far the most spatially diverse locus, being 12.1 times more heterogeneous than GOT which was the least diverse. P values reveal that only GOT among the 4 loci was not significantly differentiated among the grids. Spatial structure among the grids was then tested by 2-way grid comparisons for each locus separately (Table 7) . Each locus therefore had six 2-way comparisons for a total of 24. This reduced the sample sizes for each grid to about one-quarter of that for the entire sample (Table 6 ), but the overall average F ST for all loci combined was not very different (0.017 versus 0.010 for the 2-way comparisons). Moreover, the order of spatial differentiation among the loci was the same, and again LAP was 12.7 times more diverse than GOT. These results were the same whether average F ST values across the grids were equally weighted or weighted according to the number of individuals from each grid (Table 7) .
To see if this pattern of grid differentiation varied by cyclic phase, the data were stratified across the 3 cyclic phases. With multiple entries for individuals found in more than 1 phase, the sample sizes were increased modestly. F ST values for each cyclic phase for each locus are given in Table 8 . The average values for all 4 loci are larger than those shown in Tables 6 and  7 . This is because the sample sizes among the 3 phases are very disparate, and, therefore, the means weighted by sample sizes for each phase gave different results. Still, all are larger than the means in Tables 6 and 7 . However, the primary interest in this temporal analysis is not in the mean levels of spatial heterogeneity for the 4 loci, but in possible changes with cyclic phase. It is clear that phase 1, the low-density period following 3 years after the previous peak in 1976, has the highest F ST value. This declines by 42.8% in phase 2, and then 57.0% from phase 2 to 3, for a total overall decline of 75.4%. Three of the 4 loci show this same progression in spatial patterning. The exception is GOT which has its lowest F ST in phase 1 and highest in 2. This locus also consistently shows the lowest levels of spatial differentiation in all of the analyses.
Dispersal.-During the study, only 9 individuals were documented to have moved between grids. Each grid was a recipient of at least 1 of these dispersers and all but grid 4 was a source of emigrants. Seven voles were males, and 2 females. Grid 1 on one periphery of the grid plots experienced 8 dispersal events while grid 4 on the other periphery had only 1 immigrant. The largest number of emigrants was from the best microhabitat patch (grid 1), and none was recorded leaving the worst patch (grid 4); see Materials and Methods for patch quality assessment. On the other hand, grid 1 also had the most immigrants, namely 4 males arriving at this patch with a relatively low percentage of male residents. The centrally located grids 2 and Table 7 .-Summary of F ST values for 2-way grid comparisons (n = 24) for each of the 4 loci separately. Numbers of voles in samples (n) are given in parentheses. Loci means are calculated both for the 4 grids considered equally (mean 1) and with each grid weighted according to sample size (mean 2). Table 8 .-F ST values for each locus across all 4 grids and stratified by 3 cyclic phases with multiple entries (see Table 3 or text for definitions of these phases). n = number of voles in each sample. Loci means are calculated both for the 4 grids given equal weight (mean 1) and with each grid weighted according to sample sizes (mean 2). 3 experienced essentially equal dispersal events even though grid 2 was significantly more favorable than grid 3. Although the sample of dispersers is small, neither habitat quality nor location in the study plot seemed to adequately explain these dispersal events. Dispersal is known to be of the presaturation type in this species (Stenseth and Lidicker 1992) , but with the added complexity that females are especially sensitive to available resources while males are more responsive to social interactions (Ostfeld et al. 1985; Heske 1987; Lidicker 1994) .
discussion
The demographic properties of the subject population are fairly typical for the California vole in locations where it undergoes multiannual fluctuations in abundance. The one unusual feature is that peak abundance in 1980 was unusually high (about 1,000/ha). One consequence of this is that the vegetation was heavily impacted (see photos in Lidicker 1989) , and this likely influenced vole behavior during the immediate postpeak rapid decline in numbers. While sex biases were generally absent from the demographic and genetic data, it is interesting that the grid with the lowest percent of males, number 4, was also the lowest quality grid. Nearby grid number 3 with the tallest vegetation was the only grid with males outnumbering females (52.9% males). A lack of any significant sex ratio shifts with the 3 seasons was surprising in that Ostfeld et al. (1985) reported a clear shift in ratios between the wet and dry seasons in this same population. Their data, however, covered a longer time period (December 1977 to March 1981 and was reported for adults only. They also divided their data into only 2 seasons instead of the 3 used here and accessed rainfall records to determine the boundaries between wet and dry periods. Thus, their test was more directly focused on wet and dry conditions than was possible with the three 4-month general seasonal categories used here. With a sample size of 1,213 voles, they found a shift of more than 10% to a larger percentage of males from the wet to the dry season. This shift was significant on 3 grids singly, not grid 3, and for all 4 grids combined. The population genetic dynamics for this vole population are revealed here by only 4 allozyme loci. It is important, therefore, to consider whether they carry the information required for meaningful insights. I argue that they do. Each of the loci is polymorphic with the rarer alleles in each case being in high enough frequency that the polymorphism is not likely to be trivial. The Mendelian genetics for each locus is known and none are linked. Moreover, all 4 loci have unique spatial and temporal patterns of variation. They seem, therefore, to be excellent candidates for detecting nuances in population structure over the multiannual cycle observed in this investigation. Future studies using genes revealed by DNA sequencing will likely make a most interesting comparison to the results reported here.
Heterozygosity is a powerful measure of potential selective forces as well of gene flow within metapopulations. The overall frequency of heterozygotes at 20.2% can be compared to about 33.7% reported for 8 polymorphic allozyme loci in a population of Microtus agrestis (Nygren and Rasmuson 1980) . Inbreeding does not seem to be a factor in this population as none of the loci exhibited deviations from Hardy-Weinberg equilibria. Three of the loci had very similar levels of heterozygosity, averaging 14.0% (Table 1) while LAP stood apart with 39.1%. Similarly, 3 loci had almost the same percentage of rare alleles (average 7.5) whereas LAP was 4.3 times more at 32%. A summary of heterozygosities by grid (Table 2 ) reveals that the 4 grids are quite similar, varying only from 17.2 to 23.7%. Interestingly, the percentage of rare alleles was higher on grids that had the lowest percentage of males. If we consider heterozygosities across grids for each locus one at a time, we find ( Table 1 ) that the highest levels of LAP heterozygosities are on the 2 grids most favorable for voles (1 and 2), and in fact this locus is the only one with a positive correlation between heterozygosity and habitat favorability. PGD was most heterozygous on grid 4 while GOT and GPI heterozygotes were favored on the 2 grids with the lowest frequency of males.
Temporal patterns in heterozygosity failed to show any dramatic shifts, and each locus revealed a unique pattern of change (Table 3 ). Comparing the 3 seasons, they varied only 2.0% or less. Considering each locus individually, the largest seasonal shift was a 6.9% increase by GPI from season 2 to 3. Similarly, changes in density generated a range of only 1.9% across densities with the loci combined. Among the 4 loci considered separately, the largest shift with density was in GPI which increased 14% from phase 2 to 3. Lastly, with cyclic phase, there was again only a 2.0% range in percentages across the 3 phases. Individually, the loci showed maximum heterozygosity levels in diverse phases, 2 in phase 3, and 1 each in phases 1 and 2. The largest shift was again in GPI which decreases 11.1% from phase 1 to 3.
Examination of genotypic frequencies and percentages of the rarer alleles can indicate possible effects of differential selection across grids or at different seasons, densities, or cyclic phases. These data for each locus and grid (Table 1) revealed the same patterns as shown by heterozygosities. LAP continued to stand out as having an apparent balanced polymorphism with the rarer allele being at 32%. Moreover, grid 1 had almost twice the percentage of the rare allele as the other grids. For the rarer allele homozygote (FF), grid 1 was at a frequency of 4.7 times greater than the mean for the other 3 grids (Table 1) . When each grid was compared to every other grid at each locus by chi-square test for genotypic and allelic frequencies, the twenty-four 2-grid comparisons yielded 11 significantly different pairs for genotypes and 10 for alleles (Table 5) . Grid 1 was the most differentiated of the 4, followed in order by grids 4, 2, and 3. It should be noted in this regard that grid 1, with its high frequency of native perennial plants, is the nearest to the preEuropean vegetation in the area. On the other hand, vegetation on grids 3 and 4 was the least like the ancestral state.
Most revealing about spatial differentiation across the study area is the analysis of F ST values. When each locus was compared across the 4 grids separately (Table 6 ), the range of scores differs by 12-fold. Only GOT did not have significant heterogeneity in allele frequencies across the grids (F ST = 0.004). LAP had the highest score at 0.047. Results for 2-way grid comparisons, with each grid considered separately (Table 7) , show again that LAP had the highest F ST scores among the loci, and that grid 1 was the most differentiated among the grids. This pattern of grid and locus-specific diversity is consistent with the conclusion that dispersal among the grids is not sufficient to explain this level of genetic structure. Differential selection and/or random founding events must be involved. We can anticipate that improved understanding of the demographic/ genetic nexus in situations like this one will require documentation of the timing and quantity of dispersal as well as sensitivity to context specificity (Norén and Angebjörg 2014) .
Of fundamental interest is the determination of spatial genetic structure according to cyclic phase. In Table 8 , F ST scores are shown as calculated for each of the 3 cyclic phases with each locus considered separately. Multiple entries of individuals in more than 1 phase result in a larger sample size (n = 784) than the data in Tables 6 and 7 . Because of significantly different sample sizes for the 3 cyclic phases, means for each locus were calculated by weighting the means for each phase by sample sizes. Levels of spatial differentiation here are comparable to the F ST scores reported for this species by Lidicker and Patton (1987) . Means were larger than those in Tables 6 and 7 , and as before LAP had by far the largest value. Three of the 4 loci showed the largest F ST 's in phase 1 and the smallest in phase 3. In contrast, GOT, the least variable locus, had the largest value in phase 2 and the smallest in phase 1. Overall phase means range from 0.047 in phase 1 to 0.027 in 2, and 0.012 in phase 3. This pattern is consistent with the results reported for the previous cycle in abundance in this population (Bowen 1982; Bowen and Koford 1987) in which a large decrease in F ST from the prepeak growth phase to peak numbers was found. However, in the earlier cycle, F ST recovered rapidly in the postpeak decline and subsequent period of very low densities. In contrast, phase 3 of the present study showed a further decline in spatial differentiation. I suggest that this difference is connected to the much higher peak numbers in the 1980 peak which was followed by a dramatic destruction of the vegetation that did not occur in the earlier outbreak (Lidicker 1989) .
Since spatial structure is presumed to be based on largely isolated, but reproductively active, refugial demes, this pattern was probably not established until after this study was completed in the spring of 1981. What we observed could plausibly be described as a largely nomadic mixing of crash survivors displaced by loss of vegetative cover through the summer and autumn dry period of 1980 (phase 3). We do know that the percentage of potentially reproducing females that were actually in reproductive mode was 0 from July through December of 1980 (Cockburn and Lidicker 1983) .
I conclude that the California vole, where it undergoes pronounced multiannual cycles in abundance, is subject to an evolutionary scenario in which periods of multiple semi-isolated demes persist for a number of years (many generations) alternating with a relatively panmictic high-density phase during which accumulation and mixing of genetic material occurs. The spatially structured demes will have been founded by chance assemblages of genetically varied individuals leading to numerous opportunities for differential success of these demes. This is not unlike the trait group model of demic selection proposed by Wilson (1977) . It is also a variant of the classic Carson/Powell founder-flush model (Powell 1978) but with an emphasis on generating novel genetic combinations and adaptive polymorphisms rather than on the origins of reproductive isolating mechanisms. This pattern has also been proposed by and Berthier et al. (2006) . It is, however, in disagreement with the predictions of Vucetich and Waite (1999) that there will be a progressive loss of genetic heterogeneity with such a demographic scenario. Others have reported maintenance of genetic diversity in other species of small mammals in spite of strongly fluctuating numbers in a multiannual pattern (Ehrich and Jorde 2005; Dong et al. 2010; Pilot et al. 2010) . See also the review by Norén and Angerbjörn (2014) . This scenario of alternating phases would seem to be permissive of more rapid adaptation to changing conditions than large relatively stable populations. In the present study, only GOT does not support this hypothesized scenario in that highest spatial differentiation at this locus occurred in cyclic phase 2 (rapid population growth). It is tempting to suggest that the GOT alleles are responding to different conditions among the 4 grids. Collectively, genetic structure on the microscale observed here seems to be a complex product of a combination of stochastic differentiation among small refugial populations formed after densities crash, selective differences among microhabitats, and temporal shifts in selective forces associated with rapidly changing population densities, and the seasonally varying Mediterranean climate of central coastal California. It is also likely that social behavior influences dispersal and residency in microhabitats of varying quality (Ostfeld et al. 1985; Lidicker and Ostfeld 1991) , and this may have genetic consequences. This study thus supports the growing awareness of the potential importance of interdemic selection, based on stochastic founder effects combined with microhabitat heterogeneity, in microevolutionary processes. If such multiannual demographic dynamics can truly be engines of evolutionary change, the recent findings of progressive dampening and disappearance of such cycles is cause for concern (Hörnfeldt et al. 2005; Rydgren et al. 2007; Ims et al. 2008; Kausrud et al. 2008; Cornulier et al. 2013) . A deeper understanding of these cycles and the reasons for their disappearance are urgently needed.
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